Mutations in the aryl hydrocarbon receptor-interacting protein (AIP) gene have been linked to predisposition to pituitary adenomas. However, the mechanism by which this occurs remains unknown. AIP interacts with a number of interesting proteins, including members of the cAMP signalling pathway that has been shown to be consistently altered in pituitary tumours. The functional role of Aip was investigated using both over-expression and knock down of Aip in GH3 cells. cAMP signalling and its downstream effectors, including GH secretion, were then investigated. cAMP signalling was analysed using cAMP assays, cAMP-response element-promoter luciferase reporter assays, real-time PCR and finally secreted GH quantification. Over-expression of wild-type (WT)-Aip reduced forskolin-induced cAMP signalling at the total cAMP level, luciferase reporter activity and target gene expression, when compared with empty vector and the non-functional R304X mutant. Additionally, GH secretion was reduced in WT-Aip over-expressing GH3 cells treated with forskolin. Knock down of endogenous Aip resulted in increased cAMP signalling but a decrease in GH secretion was also noted. Inhibition of phosphodiesterase activity using general and selective inhibitors did not completely ablate the effect of Aip on forskolin-augmented cAMP signalling. A mechanism by which Aip acts as a tumour suppressor, by maintaining a low cAMP signalling and concentration, is suggested. Mutations of Aip render the protein incapable of such activity. This effect appears not to be mediated by the AIP-PDE interaction, suggesting the involvement of other interacting partners in mediating this outcome.
Introduction
Pituitary tumours represent the most common neoplasms of the brain. Screening of familial cases of pituitary tumours identified germ-line mutations in the aryl hydrocarbon receptor-interacting protein (Aip), which occur almost exclusively in somatotroph and lactotroph adenomas (Vierimaa et al. 2006) . A recent multi-centre study revealed that patients with Aip mutation have earlier onset, characteristically more aggressive tumours that do not respond well to treatment and require more surgical interventions (Daly et al. 2010) . Most common gene alterations result in amino acid substitutions or a truncated AIP protein particularly within the C-terminal, which contains three tetratricopeptide repeats (TRP) responsible for protein-protein interactions (Leontiou et al. 2008) . The AIP is a co-chaperone protein that binds to a number of interacting partners, including the phosphodiesterases PDE4A5 and PDE2A, the inhibitor of apoptosis survivin, several nuclear receptors and G-proteins a-subunit 13 (Ga 13 ) and a-subunit q (Ga q ) (Bolger et al. 2003 , Kang & Altieri 2006 , de Oliviera et al. 2007 , Beischlag et al. 2008 , Nakata et al. 2009 ). The ability to repress proliferation in cell lines, the frequent loss of heterozygozity and inactivation of AIP protein in pituitary adenomas suggest a role as a tumour suppressor (Leontiou et al. 2008) . Although it is likely that AIP functions through one or more of its interacting partners in bringing about the anti-proliferative behaviour, the precise mechanism/s remains unknown.
The interaction between AIP, phosphodiesterases and G-proteins led us to focus on the cAMP signalling pathway, which is frequently de-regulated in pituitary adenomas. Mutations in the GNAS and PKRAR1A genes, associated with McCune-Albright syndrome and Carney complex respectively, lead to increased cAMP signalling (Horvath & Stratakis 2008) . Alteration of cAMP levels has been proven to be a trademark of endocrine neoplasms, particularly in secretory tumours (Suzuki et al. 1999 , Lania et al. 2001 , 2004 , Pertuit et al. 2009 ), probably due to the role of this signalling pathway in hormone production and release and in regulating cellular physiology and proliferation (Ramirez et al. 1999 ). G-proteins and phosphodiesterases play an important role in regulating cAMP signalling through the respective production and degradation of cAMP. Given the interaction between AIP and several members of the cAMP signalling pathway, we decided to focus our study on the interaction between AIP and this mitogenic signalling pathway.
In an attempt to identify mechanisms by which AIP suppresses tumour growth, several studies were undertaken, including the role of survivin in directing cell apoptosis. Real-time PCR and immunohistochemistry revealed that survivin expression is extremely low in local pituitary tumours, suggesting that its role and, therefore, the significance of its interaction with AIP, is minimal (Formosa et al. 2012) . In this study, the effect of over-expressing and knocking down AIP proteins directly on cAMP signalling and GH secretion in the GH3 cell line was analysed. We provide evidence that AIP limits cAMP signalling and this in turn effects GH secretion from GH3 cells.
Materials and methods

Reagents, plasmids, siRNAs, cell lines and antibodies
Forskolin and rolipram were purchased from Ascent Scientific (Bristol, UK) while 3-isobutyl-1-methylxanthine (IBMX) was purchased from Sigma. pcDNA3-WT-AIP-myc and pcDNA3-R304X-AIP-myc plasmids were generously donated by Prof. Marta Korbonits. The Rip1-Cre-Luc plasmid (Chepurny & Holz 2007) was generously donated by Dr George Holz (Upstate Medical University, New York). GH3 cells were also donated by Prof. Korbonits and Hela cells were donated by Dr Anthony Fenech and both maintained in DMEM with 10% serum and 1% penicillin/streptomycin. XAP2 (AIP) and b-actin antibodies were obtained from Novus Biologicals (Littleton, CO, USA). siRNA specific to rat Aip and non-targeting siRNA were bought from Dharmacon (ThermoFisher Scientific, Pittsburgh, PA, USA).
Transfections and western blots
GH3 cells were transfected with either wild-type (WT)-AIP, pcDNA3 empty vector (EV), R304X mutant AIP plasmids or rat Aip siRNA or non-targeting siRNA. Plasmids were transfected using Fugene (Promega) while siRNAs were transfected using Lipofectamine RNAiMAX (Life Technologies). Details regarding transfection conditions can be found (data not shown). Western blots were carried out using a standard protocol (data not shown). Normalisation of transfection efficiency was carried out by real-time PCR and western blot of AIP mRNA and protein 48 h post-transfection.
Luciferase activity assays
GH3 and Hela cells were plated in 24-well plates and transfection of plasmids and/or siRNAs was carried out as described, using 0.5 mg AIP plasmid, 0.5 mg Rip1-Cre-Luc plasmid and 0.0125 mg Renilla plasmid per well with five replicates per treatment. Transfection of 30 pmol siRNA per well was carried out 8 h before transfection of plasmids in GH3 cells only. After 40 h, a quarter of the wells were left untreated, a quarter were treated with 1 mM forskolin only, a further quarter were treated with 10 mM IBMX, followed by 1 mM forskolin after 30 min while the last quarter of the wells were treated with 10 mM rolipram, followed by 1 mM forskolin after 30 min. After 8 h, the medium was removed, cells were washed with cold PBS and 100 ml passive lysis buffer were added to each well. The Dual Luciferase Assay kit (Promega) was used to measure luciferase activity, read by luminometer (TD-20/20, Turner Biosystems, Promega, Madison, WI, USA).
RNA extraction, RT and real-time PCR
GH3 cells were seeded in 24-well plates and transfection with all four plasmids and/or siRNA was carried out after 24 h, followed by forskolin or IBMX/rolipram, and forskolin treatment after 48 h was carried out as previously described earlier. Three hours after the addition of forskolin, the cells were lysed in RLT buffer and RNA was extracted using the RNeasy Mini Kit (Qiagen). RT was carried out with the GoScript kit (Promega) and real-time PCR was carried out for the rat inhibitor of DNA binding-1 (Id1) gene using ribonuclease inhibitor 1 (Ri) gene as a housekeeping gene in the ABI7300 real-time thermocycler (Applied Biosystems). Quantitative PCR for endogenous and transfected AIP was also carried out.
Total intracellular cAMP production and secreted GH quantification GH3 cells were seeded in 24-well plates and transfected after 24 h in serum-free medium. After 48 h, cells were treated with 1 mM forskolin only, 10 mM, or rolipram followed by 1 mM forskolin after 30 min or left untreated. After 1 h, the medium was collected and stored for GH quantification. The cells were washed with PBS and lysed. Endogenous cAMP was quantified using the Parameter Cyclic AMP kit (KGE002B, R&D Systems, Minneapolis, MN, USA) following the manufacturer's instructions. Secreted GH in the medium was measured using Rat Growth Hormone ELISA Assay (KRC5311, Invitrogen). Cell counting was carried out using standard haemocytometer readings.
Statistical analysis
All data were analysed using SPSS Statistics version 17 (IBM). Kolmogorov-Smirnov test was carried out on all the raw data to determine the normal distribution of the data. All data were proven to be parametric and therefore oneway ANOVA was used for the proliferation assays, the luciferase reporter assays, real-time PCR, cAMP and GH quantification. Statistical significance was set at the 5% confidence level.
Results
The scope of this study was to investigate the influence of AIP on the overall cAMP status of the cell and its downstream effectors using both over-expression of WTand mutant Aip and knock down of endogenous AIP to analyse whether any observed activity would be reversed upon knock out of the Aip expression. In order to do so, three methods were used. First, a cAMP-response element (CRE)-driven luciferase assay using the rat insulin gene 1 promoter (Rip1) was used. Next, to determine that this effect was not due to the transient transfection of vectors only, the expression of a known cAMP-responsive gene, the Id1 gene was analysed. Id1 was selected as a representative of cAMP target genes due to the wellcharacterised CRE in its promoter region and the fact that Real-time PCR and western blot analysis of Aip over-expression (A) and endogenous Aip knock down (B). Endogenous Aip expression was not altered by the addition of 1 mM forskolin. GH3 cells were transfected with empty vector (EV), wild-type (WT)-AIP or R304X mutant Aip expression plasmids and lysed after 48 h. In forskolin-treated cells, forskolin was added 6 h before lysis and RNA/protein extraction (A). In Aip knock down, GH3 cells were transfected with Aip or non-targeting (NT) siRNA and lysed after 48 h. GH3 cells were also co-transfected with either Aip siRNA and WT-AIP or NT siRNA and EV as controls. Bars represent means of three separate experiments with three replicates per experiment real-time PCR, which were normalised against Ri rat gene. Error bars indicate a number of studies have similarly used Id1 expression as an indication of CREB transcription factor activity (Zhang et al. 2005 , Ohta et al. 2008 , San-Marina et al. 2008 , Yang et al. 2010 . Finally, total cell cAMP was also quantified using a standard validated kit. In addition, forskolin, an adenylate cyclase activator, was used to stimulate cAMP production and therefore to function as a positive control, while IBMX, a general phosphodiesterases inhibitor, was used to verify whether any effect of the over-expressed AIP protein was being mediated by either PDE4A5 or PDE2A proteins. Rolipram, a PDE4-specific inhibitor was also used to selectively impede the function of PDE4A5.
Activation of cAMP by 1 mM forskolin does not induce AIP expression in GH3 cells
Treatment with 1 mM forskolin did not increase the endogenous Aip expression significantly in GH3 cells, while transient transfection increased vector AIP mRNA and protein by w50-fold ( Fig. 1A and B ). Forskolin did not have any effect on either the endogenous AIP expression or the pcDNA3 vector-driven AIP expression. The success of Aip knock down using a four oligonucleotide primer set can also be seen in the western blot and real-time analysis ( Fig. 1C and D) . As observed by relative quantification using real-time PCR, w70-80% of the endogenous AIP expression was knocked down successfully in these experiments.
WT-AIP over-expression reduces forskolin-induced cAMP-driven transcription
Luciferase assays carried out in GH3 and Hela cells after both over-expression of WT and mutant Aip and knock down with rat Aip siRNA in GH3 cells can be seen in Fig. 2 . Over-expression of WT-Aip did not alter basal levels of luciferase activity significantly compared with the EV or mutant Aip in both rat and human cell lines. However, WT-AIP protein over-expression was able to reduce forskolin-induced CRE-driven luciferase transcription/ activity significantly when compared with EV and the R304X-truncated AIP in GH3 cells and Hela cells equally ( Fig. 2A and B ). Interestingly, this behaviour is mostly retained when cells are pre-treated with IBMX, indicating that inhibition of phosphodiesterases does not influence the ability of WT-Aip to decrease CRE-driven transcription of the luciferase gene. Rolipram, a selective PDE4 inhibitor, was also unable to reverse the inhibitory activity or WT-Aip.
Real-time PCR of a specific cAMP target gene, Id1, was also carried out in GH3 cells. Once again over-expression of WT or mutant Aip did not alter basal expression of Id1 gene significantly. Upon treatment with forskolin, Id1 mRNA expression increased threefold. However, WT-AIP-transfected cells showed a reduced elevation of Id1 mRNA when compared with those treated with either EV or R304X mutant AIP vector ( Fig. 3 ). This effect was again retained when cells were pre-treated with IBMX. Thus, WT-Aip over-expressed in GH3 cells was able to reduce forskolin-induced cAMP target gene expression. Pre-treatment with rolipram resulted in the same observation, with WT-Aip over-expressing GH3 cells having a significantly lower Id1 gene expression than differently treated cells.
Total cAMP was measured to assess whether overexpressed AIP reduced total cAMP or only its downstream effectors. Neither WT nor mutant Aip had any effect on basal cAMP levels. However, upon forskolin stimulation, the same trend was observed ( Fig. 4A ). WT-AIP reduced total cAMP when compared with both the EV and the R304X mutant. Addition of IBMX increased total cAMP significantly in cells transfected with WT-AIP. However, this was still significantly lower than that in EV and R304X-AIP-transfected GH3 cells treated with both IBMX and forskolin, although the difference was not as marked. Similar data resulted for the cells treated with rolipram before the addition of IBMX indicating that the effect of AIP over-expression on cAMP levels was not altered by the general or specific inhibition of phosphodiesterases. As WT-AIP reduced total cAMP, it was decided to investigate whether this would influence GH secretion, which is directly influenced by cAMP levels. Basal GH secretion was not affected by the over-expression of the Aip gene. WT-AIP reduced forskolin-induced GH secretion compared with EV and R304X mutant AIP-transfected cells (Fig. 4B ). Addition of IBMX caused a significant increase in GH secreted by WT-AIP over-expressing GH3 cells. However, the amount of GH secreted by these cells was still significantly lower than that secreted by GH3 cells transfected with the EV or R304X-AIP vector. Addition of rolipram also resulted in an overall increase in secreted GH, although WT-Aip over-expressing GH3 maintained a statistically lower GH secretion when compared with cells transfected with the EV or the R304X-AIP mutant.
Knock down of endogenous Aip increases cAMP secondary messenger signalling
Having established the effect of WT-Aip over-expression on cAMP signalling in GH3 cells, we wanted to assess whether the reverse behaviour would be observed by inhibiting the endogenous expression of the Aip gene. Figure 1C and D illustrates the success of silencing RNA knock down, which was specific to the rat Aip mRNA.
CRE-driven luciferase reporter activity and Id1 target gene expression were measured after Aip knock down ( Fig. 5A and B) . As observed in these results, attenuation of the endogenous rat AIP protein resulted in a significant increase in cAMP-driven luciferase activity and Id1 gene expression even under basal conditions. GH3 cells transfected with rat Aip siRNA and chemically treated with 1 mM forskolin also had significantly higher cAMP-driven transcription than cells transfected with the non-targeting siRNA. In order to verify whether this effect could be reversed by the addition of WT-AIP over-expression, dual transfection with WT-AIP or EV plasmids was carried out. As observed for both the luciferase reporter assays and the Id1 gene expression results, co-transfection with WT-AIP managed to mitigate the effect of endogenous Aip knock down under basal conditions and significantly reverse the effect upon treatment with forskolin only or IBMX followed by forskolin. Therefore, over-expression of human WT-Aip through expression vectors replaced the knocked down endogenous Aip and reversed its influence on cAMP downstream transcriptional activation. An identical trend is observed when cAMP concentration was measured after rat Aip knock down (Fig. 6A ). Inhibition of Aip expression results in increased cAMP concentration in untreated (not statistically significant), forskolin-treated and IBMX-pre-treated GH3 cells when compared with non-targeting siRNA-transfected cells. Once again, co-transfection with WT-Aip expression plasmid rescued the ablation of endogenous Aip knock down. Treatment with forskolin in Aip siRNA and WT-AIP plasmid co-transfected cells results in an overall significantly lower intracellular cAMP concentration when compared with cells co-transfected with non-targeting siRNA and an EV plasmid.
Interestingly, the trend observed in cAMP signalling and concentration under the influence of Aip knock down does not extend to GH secretion as observed in Fig. 6B . Transfection with Aip siRNA results in an overall reduction in GH secretion, even though statistical significance was not reached. GH3 cells transfected with rat Aip siRNA and treated with both IBMX and forskolin have a significantly lower GH concentration secreted in their medium when compared with cells with intact AIP expression. Co-transfection with WT-AIP plasmid was able to rescue this effect and only a slightly lower GH concentration was observed in cells over-expressing human AIP protein. However, treatment with forskolin in these cells expressing the plasmid AIP resulted in a significant reduction in GH secretion when compared with cells transfected with the non-targeting siRNA and EV. Similarly, pre-treatment with IBMX followed by forskolin resulted in a similar significant discrepancy.
Discussion
Germ-line Aip gene alterations predispose to pituitary adenoma formation. However, the mechanism of action remains unknown. This study aimed at characterising the putative protective function of AIP and analysing how genetic disruption may lead to increased susceptibility to pituitary cell neoplasia.
AIP, being a co-chaperone, interacts with a multitude of proteins, through which it can be speculated to play a protective role against pituitary tumorigenesis. Our study provides evidence that AIP influences the cAMP signalling pathway. PDE4A5, a cAMP-specific phosphodiesterase, has been reported to interact with AIP through the TPR region, resulting in a reduction in PDE4A5 catalytic Knock down of endogenous rat Aip in GH3 cells increased cAMP-driven transcription of CRE-luciferase (A) and Id1 cAMP target gene (B). GH3 cells were transfected with Aip siRNA or control non-targeting (NT) siRNA. After 48 h, cells were left either untreated or treated with 1 mM forskolin only or 10 mM IBMX followed by 1 mM forskolin before protein or RNA lysis. In the following setting, GH3 cells were co-transfected with Aip or NT siRNA and WT-AIP or empty vector (NT) and similarly treated. Bars represent means of three separate experiments with four replicates per experiment for the luciferase assays and three separate experiments with three replicates per experiment for the quantification of Id1 expression. Error bars indicate activity, decreased phosphorylation by PKA and increased sensitivity to the PDE4-specific inhibitor rolipram (Bolger et al. 2003) . AIP also interacts with PDE2A, although this interaction did not affect PDE2A activity (de Oliviera et al. 2007) . AIP protein was also found to interact with two specific Ga 13 and Ga q . Although these two proteins were initially thought to have no effect on cAMP signalling, one study reported that Ga 13 activates an isoform of adenylate cyclase, type VII (AC7), which is partially responsible for cAMP production in a number of cells, including the pituitary (Jiang et al. 2007 , Pronko et al. 2010 . Given the lack of data with regard to interaction of the AIP protein with these four proteins, the effect of overexpression or knock down of AIP on cAMP signalling is a matter of speculation. The only well-characterised interaction reported was that between AIP and PDE4A5 in which AIP appeared to partially inhibit PDE4A5 activity. Therefore an increase in WT-AIP could be expected to increase cAMP levels by repressing PDE4A5. However, our data do not support this hypothesis.
Canonical cAMP signalling resulted in activation of the cAMP-response element binding protein (CREB) transcription factor (Yamamoto et al. 1988 ). Our study was designed to test the effect of AIP on cAMP effectors that bring about transcriptional changes. This was accomplished through the application of luciferase assays and quantitative PCR. Forskolin, used as a positive control, was shown in one study to increase AIP expression through PKA activation (Igreja et al. 2010 ). However, our study showed very low AIP expression in response to forskolin ( Fig. 1A and B ). The different forskolin concentrations used and the fact that a reporter assay with a putative AIP promoter sequence (1.2 kb upstream of the AIP gene) was used in the aforementioned study could account for this discrepancy. Unfortunately, to date, there are no cell lines available that do not endogenously express AIP. Nonetheless, a significant increase in cAMP signalling was observed in forskolin stimulated as opposed to untreated cells in all experiments at the chosen concentration. It is possible that the relatively low cAMP activity in non-stimulated cells would preclude any discernible alterations. Another limitation could be the sensitivity of the assays used in this study.
Analysis of transcriptional activity clearly indicated the ability of WT-AIP to down-regulate forskolin-induced cAMP-driven transcription of luciferase in both GH3 and Hela cell lines or Id1 expression in GH3 cells, a CREB target gene. Given the lack of human cell lines of the somatotroph/lactotroph lineage, Hela cells were used to verify the ability of WT-AIP to reduce cAMP signalling even in a human and a non-pituitary-derived cell line, therefore indicating that the behaviour of AIP is not limited to cells of the somatotroph/lactotroph lineage. The truncated R304X-AIP mutant, which lacks the C-terminal a-7 region of the protein and was shown to be incapable of binding other proteins (Leontiou et al. 2008 ) lost such ability. This observation suggests that WT-AIP is able to suppress tumour growth and, in the case of this experimental setting, reduce cAMP signalling, by functionally interacting with other proteins, as would be expected of a co-chaperone. The similar behaviour of the R304X mutant to the EV indicates an almost complete loss of function in the setting of these experiments. The addition of IBMX increased cAMP-driven transcription. Knock down of endogenous rat Aip in GH3 cells increased the intracellular cAMP concentration (A) but it reduced GH secretion (B). GH3 cells were transfected with Aip siRNA or non-targeting (NT) siRNA. After 48 h, cells were left either untreated or treated with 1 mM forskolin only or 10 mM IBMX followed by 1 mM forskolin before collection of medium for GH assay or cell lysis for the cAMP assay. In the following setting, GH3 cells were co-transfected with Aip or NT siRNA and WT-AIP or empty vector (NT) and similarly treated. Bars represent means of three separate experiments with three replicates per experiment. Error bars indicate S.E.M. (*P%0.05; Fors, forskolin; NT, non-targeting).
However, GH3 cells over-expressing WT-AIP still had reduced cAMP activity when compared with the differently transfected cells. Rolipram, a selective PDE4 inhibitor, which decreases off-target effects when compared with IBMX, and selectively abolishes the AIP-PDE4A5 interaction, did not influence the ability of WT-Aip to reduce forskolin-induced cAMP-driven transcription in our study.
WT-Aip also reduced forskolin-induced cellular cAMP levels. The lack of effect on baseline cAMP levels and signalling suggests that the over-expressed WT-Aip achieves its effect by regulating cAMP production or limiting the cAMP production threshold. The inability of IBMX or rolipram to reverse the influence of WT-Aip on cAMP-driven transcription suggests that the AIP-PDE interaction is either not required or only partially responsible for the reduction in forskolin-activated cAMP signalling by WT-AIP. The reason for this discrepancy in the results could possibly be the fact that Aip interacts with a number of other proteins, besides the PDEs. Additionally, the study by Bolger et al. (2003) regarding the interaction between AIP and PDE4A5 was carried out in COS-7 cells, not GH3 or other neuroendocrine cell line, which could account for the conflicting results. The G-protein, Ga 13 , which is capable of stimulating cAMP production, provides a feasible alternative. However, little is known about the AIP-Ga 13 interaction, except that it causes a reduction in aryl hydrocarbon receptor (AHR) signalling (Jiang et al. 2008) . cAMP also interacts with and activates the AHR (Oesch-Bartlomowicz et al. 2005) , thereby offering another pathway through which the above mechanism could be explained. Additionally, AIP interacts with the thyroid hormone receptor b1, altering its function (Froidevaux et al. 2006) , and interestingly activated thyroid hormone receptors control GH transcription in pituitary cells (Spindler et al. 1989 ). Furthermore, the interaction of AIP with as yet unidentified proteins cannot be excluded.
GH secretion was also measured in order to determine whether the observed reduction in cAMP signalling would result in a relative reduction in GH secretion. Our study demonstrates that AIP reduces forskolin-induced, but not baseline, GH secretion, probably through a decrease in cAMP signalling, resulting in a proportional decrease in GH secretion ( Fig. 4A and B) . The AIP-Ga 13 interaction might therefore be responsible for this effect on cAMP production. GH3 cells over-expressing WT-AIP secreted significantly lower GH than GH3 cells over-expressing the mutant R304X Aip gene or the EV, once again confirming that the inhibition of phosphodiesterases does not impede the activity of AIP in down-regulating cAMP signalling and GH secretion.
Having observed the effect of WT and mutant Aip over-expression on cAMP signalling in GH3 cells, it was decided to verify whether knock down of endogenous rat AIP would lead to a reversal of the observed effects. Having accomplished successful knock down using a commercial silencing RNA composed of four siRNA sequences specific to the rat Aip gene, the same series of experiments were once again carried out to examine the status of cAMP signalling in GH3 cells so treated. As demonstrated in Fig. 4A and B , knock down of endogenous Aip gene gave results that were the opposite of those obtained in the over-expression studies. cAMP-driven transcription was significantly increased in both the luciferase reporter assay and the cAMP target gene analysis. Interestingly, this result was also observed under basal culture conditions. Treatment with forskolin or IBMX and forskolin confirmed the findings observed in the presence of reduced Aip expression.
In an attempt to verify whether the knock down of endogenous rat AIP could be rescued by the overexpression of human AIP, co-transfection experiments were carried out. As observed, cells co-transfected with rat Aip siRNA and human WT-AIP clearly show a reversal of the increase in cAMP signalling under siRNA treatment only in basal conditions. The addition of forskolin in the presence of over-expressed WT-AIP reverses the effect of the knock down and cells over-expressing WT-AIP have reduced cAMP-driven transcription similar to previous over-expression analysis, thereby nullifying the effect of the siRNA. These results indicate that human AIP protein can replace rat endogenous AIP and counteracts the loss of endogenous AIP in GH3 cells, causing a decrease in forskolin-stimulated cAMP signalling. Rat and human AIP proteins share a 95% homology and are therefore likely to be able to completely or partially replace each other functionally. The ability of human WT-AIP overexpression to decrease cAMP signalling in the absence of endogenous Aip expression provides further proof of the functional impact of AIP on cAMP signalling and transcriptional potential in this in vitro context.
Further analysis of the effect of Aip knock down on cAMP levels in GH3 cells was also carried out. As observed in Fig. 6A , cells transfected with Aip siRNA showed a slight cAMP concentration increase under basal conditions, while statistical significance for this increase was only obtained when cells are treated with forskolin. Once again, co-transfection with human WT-AIP reverses this effect when cells are treated with forskolin only or IBMX followed by forskolin. This once again proves the ability of WT-AIP to influence not only cAMP signalling but possibly also its production.
Finally, an interesting and unexpected result was obtained with regard to GH from GH3 cells transfected with Aip siRNA. As observed in Fig. 6B , endogenous AIP knockdown resulted in a slight decrease in GH secretion under basal conditions. This result was obtained for all the cells whose endogenous Aip was knocked down by transfection with silencing RNA and statistical significance was obtained for cells treated with IBMX before forskolin addition. Such behaviour was contrary to our predictions that an increase in cAMP level would cause a relative increase in GH secretion. Although no specific explanation can be put forward to account for this behaviour, one possibility is the direct interaction between AIP and GH. Leontiou et al. (2008) reported that AIP and GH co-localise together in the secretory vesicles in somatotroph cells using gold immunostaining. Therefore, it is conceivable that AIP, acting as a co-chaperone, might have a direct role in regulating either GH stability or play a role in its secretion from somatotroph cells given its particular sub-cellular localisation. Although such an explanation requires further study, it would also account for the segregation of Aip mutations almost exclusively to somatotroph adenomas. This hypothesis would also provide another possible mechanism by which AIP plays a protective role in pituitary tumour formation.
Co-transfection of silencing RNA and WT-AIP overexpressing plasmids resulted in a further reduction of GH secretion when compared with siRNA-only transfected cells. In basal conditions, the presence of human AIP protein managed to almost restore normal GH secretion when compared with the non-targeting RNA and EV co-transfected cells. Stimulation with forskolin only or IBMX followed by forskolin once again resulted in a significant reduction in GH secretion. The reason for this is likely to be twofold. Primarily, the effect of endogenous Aip knock down leads to a slight reduction in GH secretion as observed in the siRNA-only transfected cells. Additionally, in co-transfected cells, the presence of over-expressed WT-AIP decreases further the release of GH, likely through the reduction in cAMP concentration of the GH3 cells as proven by previous results.
In conclusion, this study provides evidence for a novel mechanism through which AIP acts as a tumour suppressor by limiting cAMP signalling within pituitary cells. Given the abundant evidence for the mitogenic influence of cAMP signalling on pituitary cells, the ability of the AIP to reduce the intracellular cAMP and its downstream signalling may account for the tumour-suppressive role of AIP. Although baseline cAMP was not affected, forskolin-induced cAMP signalling was reduced in cells over-expressing WT but not mutant Aip. While this does not represent normal physiological conditions, somatotroph cells are known to undergo sudden increases in cAMP secondary to pulsatile secretion of hypothalamic GHRH, resulting in augmentation of pulsatile secretion of GH at certain times of the day (Melmed & Conn 2005) . AIP may therefore act by limiting the magnitude of these peaks and thus curb cAMP production and GH secretion during these peaks. Attenuation of AIP function by genetic mutation could cause magnification of such peaks, leading to increased cAMP signalling and GH production and secretion and thus increase the susceptibility towards pituitary tumour formation.
Ultimately, for such a mechanism to be proven beyond doubt, further experimentation, preferably in an in vivo model, would be required. Nonetheless, the evidence presented here by the over-expression and knock down of AIP respectively within this well-characterised cell line supports an interesting potential mechanism of action for this tumour suppressor protein. We have also shown that AIP may play a functional role in controlling GH secretion or production, whether by the reduction of cAMP levels or through a direct interaction with GH within the secretory granules of somatotroph cells remains to be seen. Our data indicates that the AIP-PDE interaction is not exclusively required for its tumour-suppressive behaviour to be observed, and given the nature of AIP as a co-chaperone, it is likely that it brings about its effect through a number of interactions, probably some of which remain as yet undiscovered.
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